ABSTRACT: Climate is a major factor driving wine productivity in the Douro Valley region of Portugal because vineyards are generally grown under marginal conditions for agricultural production. Using monthly means of climate variables (daily maximum, minimum and mean temperature, diurnal thermal amplitude and daily precipitation) and the normalised difference vegetation index, we analysed the vegetative cycle of vineyards and the vulnerability of Douro wine production to climate variability and change. A good wine production year reflects high photosynthetic activity during spring followed by reduced greenness during summer. Lower precipitation in March has a positive effect during the growing stage, and higher temperatures during late spring are beneficial for production. Two linear regression models were developed with the aim of forecasting Douro wine production at the early (March) and mid-season (July) stages of the vine vegetative cycle. Both models performed well in terms of robustness and reliability. The early season model has the advantage of providing a reliable production scenario immediately after the dormancy stage. All predictors of the mid-season model are meteorological parameters; combined with the very high value (90%) of explained variance, this suggests its usefulness to assess the crucial role of climate in wine production. Limitations result from the linear nature of the model, and effects due to the increase in CO 2 were disregarded. Nevertheless, our results indicate an increase in production from 1956-1985 to 1986-2006 due to changes in the winter precipitation regime. Moreover, 2071-2100 climate scenarios (A2 and B2) are expected to favour an increase in wine production because of the combined effects of tem perature and precipitation in late spring and early summer. 
INTRODUCTION
Climate is a major factor driving the spatio-temporal distribution of most agricultural systems, due to their vulnerability to inter-annual climate variability and to climate change. In particular, these systems are very sensitive to changes in traditional patterns of regional climate (e.g. temperature trends or changes in the precipitation regime) but also to extreme events (e.g. heat waves). This is especially true in the case of vineyards in Mediterranean Europe, e.g. in Portugal, as they are generally grown in regions under marginal conditions for agricultural production.
Since vineyards are exposed to a potentially high risk, quality wines are generally associated with optimum climatic conditions . This is the case for the 'Douro wines', which are produced from grapes grown along the Douro Valley, in the old province of Trás-os-Montes e Alto Douro, Portugal (see Fig. 1 ). Due to the distinctive climatic, topographic and soil characteristics, the Douro region is classified as a denomination of controlled origin (DOC), the highest Portuguese wine classification. In the middle of the 18th century, and with the aim of protecting their interests, Douro farmers asked the administration of the Marquis of Pombal to create the Companhia Geral dos Vinhos do Alto Douro. Established by Royal Charter in 1756, the new institution's goal was to ensure the quality of the so-called Port wine and help avoid fraud, balance production and trade, and stabilise prices. Even though the Douro was the third demarcated region after Chianti and Tokay, the 'demarcation of the mountains' established the first wine-producing region in the world, with specific production-based rules. While still primarily associated with Port wine, a fortified wine produced exclusively in the Portuguese section of the Douro Valley, the Douro region produces as much table wine today as it does fortified wine. The present work is focused only on table wines, i.e. those typically referred to as 'Douro wines' and associated with high quality.
Although grapes are an adaptable fruit and are grown around the world, wine quality and production are best in temperate climates. In fact, the role of meteorology and climate parameters in vine growth has long been the subject of research in the fields of biology and phenology, with much of the work examining the influence of air temperature on the composition and quality of grapes (Coombe 1987) . For instance, at the global scale, grapevines are traditionally grown in areas with mean temperatures between 12 and 22°C during the growing season (Jones 2006) , with an optimal vegetative response to daily average values from 20°C to 35°C. Above 35°C, vegetation activity is impaired, and in some extreme cases, vineyards may suffer serious and permanent damage (Berry & Björk-man 1980 , Sepúlveda et al. 1986 ). Extremes of heat or cold may disrupt the optimum growth cycle or even result in crop losses. During the ripening period, temperature also plays an important role for grape maturation, including the aroma and the colouration (Fregoni & Pezzutto 2000 , Tonietto & Carbonneau 2004 , with a key effect on the final characteristics of the wines (Jackson & Lombard 1993) . Furthermore, vineyards depend on water availability (Carbonneau et al. 1992) . Too much precipitation can produce too much vegetation and/or drowned vines, and too much humidity can lead to disease problems, such as downy or powdery mildew. Water availability during critical growth stages also affects grape quality, which in turn impacts wine quality (Conradie et al. 2002) .
A number of studies have been conducted from a climatological perspective, with the aim of assessing the effect of climate change on wine quality and yield, at global or regional scales (Jones et al. 2005 , Lobell et al. 2006 , White et al. 2006 . Climatic changes over coastal California (USA), associated with increases in sea surface temperature and water vapour over the Pacific Ocean, may have benefited the premium wine industry, as seen in higher-quality wines and larger grape yields (Nemani et al. 2001) . As discussed by Rodó & Comím (2000) , the inter-annual variability of Iberian wine quality is partially conditioned by large-scale climatic phenomena, such as the North Atlantic Oscillation (NAO) and the El Niño-Southern Oscillation (ENSO). Ramos et al. (2008) showed that changes in temperature are related to wine parameters in northeast Spain, with wine quality being favoured by higher ripening diurnal temperature ranges and reduced production experienced in the warmest vintages. How ever, despite the detection of such influences, few models are available for grapevine yield and production (Bindi et al. 1996) .
A better understanding of the potential impacts of the climate state on natural systems is becoming increasingly important as growing levels of greenhouse gases associated with changes in earth surface features convey temperature and precipitation changes. In the case of Portugal, the observed warming trends are asymmetric with respect to both seasonal and diurnal cycles, with greatest warming occurring with minimum temperatures and during winter and spring (Miranda et al. 2002) . Moreover, changes in the regional precipitation regime have been most pronounced in spring with a highly significant decrease of precipitation in March (Trigo & DaCamara 2000 , Gallego et al. 2011 as induced by changes in the predominant location of North Atlantic storm tracks (Paredes et al. 2006 , Vicente-Serrano et al. 2011 ). These studies have also shown that the main driver of precipitation in western Iberia (including the entire Portuguese territory) is the NAO pattern (Hurrell 1995) , which steers a large fraction of the transient low pressure systems and consequently modulates most of the precipitation events in the region (Trigo et al. 2004 , Trigo 2006 . With the aim of evaluating the impact of climate change on wine productivity, Santos et al. (2010) developed a statistical model of grapevine productivity for the Douro region, using climate parameters as predictors. They identified statistically significant correlations between annual yield and monthly mean temperatures and monthly accumulated precipitation during the growth cycle of the vine. However, no parameters associated with grapevine growth (phenology) were used, namely those derived by remote sensing technology that has been developing steadily in the last couple of decades. Agriculture has greatly benefited from remote sensing products, par ticularly in several applications such as crop identification (Patel et al. 2006) , crop growth monitoring and yield prediction and drought monitoring (Vicente-Serrano et al. 2006 , Gouveia et al. 2009 ). The normalised difference vegetation index (NDVI) is useful for vine growth assessment, and in particular, time series of NDVI imagery efficiently provide a synoptic view of grapevine vegetation dynamics that may be used for vine-yard management. Phenological information is essential for decision making during many of the phases of grape growing, namely in labour planning, pest and disease control, canopy management and harvesting (Cunha et al. 2010a ). For instance, Cunha et al. (2010a ) used 10 d VEGETATION image composites (1999 to examine temporal profiles of NDVI and study their relationship with grapevine phenology. They suggested that NDVI values during the early months of the year are correlated with winegrape production in the Douro region.
Due to the scarce information on external factors influencing Douro wine production and in order to increase our knowledge of this subject, the aim of the present work was to integrate information about phenology, as obtained from remote sensing, with climate conditions in order to develop models for present and future wine production. More specifically, our objectives were as follows:
(1) To analyse the vegetative cycle of vineyards in the Douro region, using the NDVI dataset (at 8 km resolution) provided by the Global Inventory Monitoring and Modeling System (GIMMS) group.
(2) To assess the impact of temperature and precipitation on the inter-annual variability of vineyard production.
(3) To develop robust multi-linear regression models of wine production, using NDVI and meteorological variables as predictors.
(4) To assess the impact of climate change scenarios on the wine production of the Douro region 2. Data and pre-processing 2.1. Corine Land Cover Map (CLC2000)
The reference map used here is based on the Corine Land Cover Map (CLC 2000) , available on a 250 × 250 m grid, which was aggregated from the original vector data at 1:100 000. CLC2000 is a key database for integrated environmental assessment and provides a panEuropean inventory of biophysical land cover, using a 44 class nomenclature. This version is available at the site of the European Environmental Agency (www. eea.europa.eu/data-and-maps/ data/ corine-land-cover-2000-raster).
Our study area was the Douro region, located in northeastern Portugal (Fig. 1a) . The reference map over the selected region was re-projected from the CLC2000 onto geographic coordinates, based on the nearest neighbour scheme (Fig. 1b) . Pixels were further geocoded to an 8000 m grid resolution, based on the mode rule for degradation of thematic maps. This criterion was the most appropriate, since it allows choosing a threshold, thus providing higher confidence in the class label, while maintaining a sufficiently large sample in each class. Accordingly, only 4 pixels were retained with more than 65% of the area occupied by vineyards (Fig. 1c) . Despite the availability of the new CLC2006 version, its usage does not result in choosing different grids for the Douro region.
Wine production data
Annual values of wine production covering the period 1986-2006 were obtained from the Portuguese Statistical Institute (www.ine.pt). Fig. 2 presents the annual averages of whole DOC wine production for the Douro region (excluding Port wine).
Vegetation index
We used the monthly NDVI dataset, at 8 km resolution, from the advanced very high resolution radiometers (AVHRR) provided by the GIMMS group (http://glcf.umiacs.umd.edu/data/gimms/; Tucker et al. 2004 Tucker et al. , 2005 . Data for the region cover the area between 10°W to 0°E and 35° to 45°N, and the 26 yr period . Details on the quality of the GIMMS dataset can be found in Kaufmann et al. (2000) and Zhou et al. (2001) . NDVI information was re stricted to the 21 yr period that spans 1986-2006, i.e . to the period covered by the wine production dataset, and to the 4 selected pixels where the area is dominated by vineyards. Monthly composites of NDVI and corresponding anomalies for the period considered were then computed for the 4 pixels used.
Meteorological parameters
We relied on fields of monthly averages of maximum, minimum and daily mean temperature (TMAX, TMIN and TAVG) and of precipitation (PREC). The information was extracted from the Climatic Research Unit (CRU TS 3.0) data set (http://badc.nerc.ac.uk/ data/ cru/), which covers the period 1901-2006 with a spatial resolution of 0.5° × 0.5°. The meteorological data set also was restricted to the study period 1986-2006 and to the 4 closest grid points (Fig. 1d) to the 4 CLC2000 pixels selected. Spatial means were then computed for each month of the time period. In order to assess the impact of climate variability on wine production, we also analysed the inter-annual variability of the selected meteorological parameters during the time period, based on analysis of composite fields.
Regional climate model data
Regional climate models are an important tool to study not only changes in average conditions but also the likelihood of extreme events in certain regions under future scenario projections. In the last decade, the reliability of these projections has been steadily increasing due to advances in modelling and a better understanding of the physical processes of the climate system (Solomon et al. 2007) . Among the many climate change projects funded by the EU in the last decade, the PRUDENCE project (http://prudence. dmi.dk/) provided high-resolution me teorological data for Europe (at 50 km resolution) for both the recent past (control period 1961-1990 ) and future climates (scenario period 2071-2100). Experiments rely on simulations performed with different regional climate models (Jacob et al. 2007) which are forced by the global atmospheric climate model HadAM3H (Pope et al. 2000 , Buonomo et al. 2007 . Additional information on the characteristics of the PRUDENCE experiments may be found in .
Following the approach used in a companion paper (Ramos et al. 2011, this Special) , we restricted the analysis to the simulations from the Hadley Centre regional climate model (HadRM3). We used PREC, TMAX and TMIN data from a control period and from 2 Intergovernmental Panel on Climate Change (IPCC) emission scenarios: A2 and B2 (2071-2100). When comparing both scenarios, the A2 scenario considers a higher concentration of CO 2 , a larger human population, higher energy consumption, scarcer resources and less diverse technology (Nakicenovic et al. 2000) . We used monthly averaged values from 2 HadRM3 gridpoints (located closest to the 4 selected vineyard pixels; Fig. 1e ), as the seasonal cycles of selected climatic variables for these 2 gridpoints are in good agreement with those of CRU data (data not shown).
Over the Iberian Peninsula, the HadRM3 model presents relatively low precipitation and a positive temperature bias, lower in winter and higher in summer months (Jacob et al. 2007 ). The bias follows the tendency of the driving global climate model (HadAM3H) used in the PRUDENCE project; this feature of the HadAM3H is discussed in Moberg & Jones (2004) . Despite this weakness, we chose the HadRM3 because previous important climate change studies on Portugal also used the HadRM3 simulations (Santos et al. 2002 , Santos & Miranda 2006 , Ramos et al. 2011 . A comparison can therefore be made between our results and those from previous studies on Portugal.
COMPOSITE ANALYSIS
The annual cycle of NDVI monthly mean values is represented in Fig. 3a . Here we adopted the standard hydrological year, spanning from September of year n -1 to August of year n. In general, January is the month with the highest dispersion of values (indicated by the interquartile range), whereas August and September are the most concentrated. The NDVI cycle of the 4 CLC2000 pixels dominated by vineyards presents a maximum at the end of spring and a minimum during winter, a feature that is related to the typical vegetative cycle of vineyards exposed to an AtlanticMediterranean climate. The harvest period (when the grapes are fully mature) typically occurs in September and is followed by dormancy that generally spans October and November. This stage starts with leaf fall and continues over the winter months, leading to budbreak in March (Cunha et al. 2010b ). The increment of NDVI between March and June ( Fig. 3a) is associated with a period of intensive growth, including budbreak, the production of leaves (Boulton et al. 1996 ) and flowering, which occurs in May (Cunha et al. 2010b ). The flowering date marks the transition from the vegetative to the reproductive physiological process, with the following fruit set period being a crucial stage for grape modelling and vineyard operations (May 2004). Vérai-son, or the development of the grape and its maturation, usually occurs between July and the first week of August. As shown in Fig. 3a , NDVI values start to decrease in July and continue to decline through the end of the hydrological year, due to the inability of the older leaves to absorb the radiation necessary for photosynthesis (May 2004) .
Years associated with high (i.e. above the 75th percentile) and low (i.e. below the 25th percentile) wine production were selected, and a composite of the respective monthly anomalies of NDVI is shown in Fig. 4a . Confidence intervals for anomalies (at the 90% level) were also computed using a Monte Carlo technique based on the generation of 10 000 random samples of 5 yr (i.e. the number of years of high and low production) followed by the estimation of the 10th and 90th percentiles of anomalies. Results indicate that a low wine production year corresponds to lower than normal photosynthetic activity in the previous autumn and the current spring along with higher greenness during the summer.
The annual cycle of monthly means of the meteorological parameters is represented in Fig. 3b-f . Precipitation occurs mainly from September to May, with the highest values observed during autumn and winter months. Precipitation reveals a higher range of inter- Fig. 1d ). Boxes delineate median, upper and lower quartiles, with the whiskers representing the lowest and highest observed value still within 1.5 of the interquartile range. +: outliers, i.e. values beyond the ends of the whiskers annual variability compared to temperature variables. The highest monthly variability in precipitation is observed from October to January, whereas July and August have very low rainfall and low variability. On the other hand, TMAX shows very low variability during the winter months, while TMIN presents the lowest variation in spring and early summer and the highest in winter. As ex pected, TAVG is lowest in January and highest in August (Fig. 5d ). Thermal amplitude (AMPT, calculated as TMAX -TMIN) is high in September, when high diurnal temperatures are good for ripening, flavour and aroma development (Fig. 5e) .
Composites for the meteorological variables during years associated with high and low wine production were computed and the corresponding annual cycles of monthly anomalies analysed, since the main differences detected between high and low production years might account for the different development during the stages of growth of the vineyard (Jones 1999) . As shown in Fig. 4b -f, the stage of dormancy requires sufficiently cold temperatures to initiate latent bud hardening with limited freeze damage (Nemani et al. 2001 ). This implies lower than usual diurnal AMPT, i.e. slightly negative anomalies of the quantity 'TMAX -TMIN' during winter for years corresponding to higher wine production (Fig. 4f) . In fact, winter temperatures are not a problem in Portugal during dormancy, and therefore negative AMPT anomalies from November to March for years corresponding to higher wine production (Fig. 4f) seem to be related to the positive rain- Fig. 3 ) of monthly composites of anomalous values of (a) normalised difference vegetation index (NDVI), (b) precipitation (PREC), (c) maximum temperature (TMAX), (d) minimum temperature (TMIN), (e) daily mean temperature (TAVG) and (f) diurnal thermal amplitude (AMPT) with respect to low and high production years for the Climatic Research Unit climate grids representing the Douro Valley region (see Fig. 1d ). Dotted lines indicate anomaly intervals at the 10% and 90% levels of confidence, as obtained from 10000 random samples of 5 yr fall anomalies in winter from November to March (Fig. 4b) , which allow higher soil moisture during spring. This latter feature is associated with higher values of TAVG (Fig. 4e) as well as higher (lower) than usual values of TMIN (TMAX), and therefore higher AMPT particularly in March (Fig. 4c,d ). The budbreak stage requires abundant soil moisture and sunshine with temperatures above 10°C for sustained vegetative growth. Frost occurrence may reduce bud productivity, leading to poor yields and quality, which is in agreement with the fact that higher than usual values of TMIN during March and April (Fig. 4d) are associated with high production years. The flowering period requires dry, stable conditions so as not to hinder flower differentiation and berry set. The véraison stage also requires dry conditions (to limit moisture-induced diseases) with moderate temperatures, high levels of insolation and low temperature variability to allow sugars to concentrate leading up to harvest (Nemani et al. 2001 ). On the other hand, the small or even insignificant differences obtained for July and August are a good indicator that the pre to post bloom is much more important for fruit set and production than the period near véraison. Again, these conditions are in good agreement with the observation that high-production years in the Douro region are associated with negative PREC anomalies during spring (Fig. 4b) as well as a sharp decrease of AMPT after May (Fig. 4f) , with positive (but not extreme) anomalies of TAVG (Fig. 4e) and TMAX (Fig. 4c) .
In summary, the comparison of NDVI cycles and meteorological parameters for years of low and high wine production revealed significant differences during the following 3 stages:
(1) A first period coinciding with dormancy that starts after harvest. This stage is generally associated with some greenness activity in the vineyard inter-row spaces, which is only possible due to high soil moisture owing to the onset of fall precipitation and/or high temperatures. The high values of precipitation during winter contribute to ensuring high values of soil moisture during the budbreak period, therefore allowing better vineyard growth early in the season. On the other hand, the occurrence of high temperatures during winter may induce drier conditions and early budbreak, which bring greater risk of frost damage.
(2) A second period coinciding with budbreak. During this stage, differences in the NDVI annual curves may be related to the high transparency of the grapevine canopy and to soil cover differences among years (Cunha et al. 2010a ). showed that vegetation dynamics during spring and summer in Iberia are mainly driven by winter precipitation with less effect from winter temperatures. However, the effect of the lack of precipitation over a certain period combined with other climatic anomalies, such as high temperatures, high winds and low relative humidities over a given area may result in reduced green vegetation cover (Gouveia et al. 2009 ). For instance, several authors have provided evidence that budbreak dates occur earlier in the Mediterranean climate due to the higher temperatures during late winter (Boulton et al. 1996 , May 2004 , Cunha et al. 2010a .
(3) A third period, starting with flowering and continuing during the véraison. After May, the number of days with mean temperature >10°C that are required during the period between flowering and harvest (Boulton et al. 1996 , May 2004 is not an issue in the Douro region, but higher production years depend on higher temperature anomalies during this final period.
REGRESSION MODELS FOR WINE PRODUCTION
Results obtained in Section 3 point out the relationships of the annual cycles of temperature and precipitation with the production of table wine in the Douro region. They further suggest using NDVI to gether with meteorological variables to develop simple models of wine production based on data covering the period 1986-2006.
A stepwise regression was therefore used to select a set of statistically significant variables (at the 5% level) to be used as predictors in 2 regression models with the goal of forecasting Douro wine production at early (March) and mid (July) stages of the grapevine vegetative cycle in the region. Problems related to overfitting were mitigated by adopting a leave-one-out scheme for cross-validation (Wilks 1995) , i.e. by successively using a single observation from the original sample for validation, and the remaining observations as the training data.
Early-season estimates of wine production in the Douro region
Following the procedure described in the previous paragraph, the stepwise regression was applied to the subset of early-season predictors defined as AMPT, TAVG, PREC and NDVI from September to March. The following multi-linear regression model of earlyseason wine production in the Douro region (ESPD) was obtained: ESPD = 1.02 + 6.96 × NDVI Oct -0.16 × AMPT Mar -0.15 × TAVG Jan
Results obtained for the period 1986-2006 are presented in Fig. 5 , and the observed and modelled time series of wine production show good agreement. As shown in Table 1 , the linear model is able to explain 62% of the total variance of wine production and the adequacy of choosing the model is supported by the small p-value (p = 0.0008) of the F-test. Results from the leave-one-out cross-validation scheme (Fig. 5) support the robustness of the regression model, given the slight decrease from the value of R = 0.79 of the correlation between the observed time series and that fitted by simple regression to the value R CV = 0.71 (Table 1) between the observed time series and the one obtained by cross validation.
The time series of the residuals (observed -modelled) is also shown in Fig. 5 , with 1990 appearing as an outlier (at the 95% confidence level) since the corresponding error bar does not cross the 0 reference line (Chatterjee & Hadi 1986). The underestimation of the 1990 production by the model may be explained by the low precipitation and the high temperature from January to March, which do not favour a good year of wine production ( Fig. 4b-f) . However, the impact of such conditions was mitigated by the high values of precipitation in the previous autumn that attenuated the needs of water of the vineyard in the following winter. This feature may be explained by the fact that 1996 is also very close to being an outlier in wine production. However, both years present positive NDVI ano malies in autumn, which may ex plain how a dry winter (1990) and a wet winter (1996) lead to 2 nearly equal positive outliers.
The overall good performance of the model indicates that the retained predictors contain information about the dormancy period that is relevant for anti cipating the stages that follow. In particular, NDVI values in October play an important role and may be regarded as a proxy of the subsequent development of the vineyard, confirming that when grapevines are in their best health conditions as they head into dormancy, this usually leads to more productivity the following year (Cunha et al. 2010a ). Furthermore, the low values of AMPT in March, which are related to the positive anomalies of PREC in the previous winter and early spring, are also a good predictor of low vegetative stress conditions. These low values of AMPT in March are associated with higher (lower) than usual TMIN (TMAX).
Mid-season estimates of wine production in the Douro region
The regression model for the mid-season estimates of wine production in the Douro region (MSPD) was obtained by a similar stepwise regression approach, although performed over the set of mid-season variables defined as TMAX, TMIN, TAVG and PREC from September to July. was obtained after combining pairs of variables (retained by stepwise regression) in order to diminish the number of predictors (from 6 to 3) and hence prevent overfitting problems related to the excessive number of predictors retained (6) for such a relatively short time series (21 yr). Table 1 . Goodness of fit statistics for early (ESPD) and midseason (MSPD) regression models of wine production in the Douro region. R CV : correlation coefficient after cross validation
As shown in Table 1 , the very small p-value (p < 0.0001) of the F-test indicates the strength of the linear model which explains 90% of the total variance of observed wine production. The good agreement between the observed time series and either the modelled one by simple regression (R = 0.95) and the one obtained by cross-validation regression (R CV = 0.92) is apparent (Fig. 6) , and the robustness of the model is supported by the small decrease from R to R CV .
The time series of residuals presents a single outlier (at the 95% confidence level), which corresponds to the year 2004, where the production was overestimated by the model. This may be attributed to the outstanding heat wave that occurred during the 2003 summer ) and the subsequent negative effect at the beginning of the vineyard vegetative cycle. Again the year 1996 was very close to being an outlier as well, but was underestimated in terms of production when compared with 2004, which was overestimated. The underestimation of 1996 may be attributed to the higher PREC in May, as well as to the lower values of TMAX and TMIN in the same month. This is also consistent with the previous results, which highlight the fact that high AMPT, high TMAX and low PREC during bloom are good for production.
It may be noted that the model uses as predictors the difference between TMAX in July and TMIN in May, the difference between monthly PREC in January and February, and the cumulated PREC in May and June. The positive coefficient affecting the difference between monthly PREC in January and February may be related to the high values of soil moisture required for better growth early in the season followed by lower soil moisture conditions. The subsequent flowering and véraison stages require dry conditions, moderate temperatures in May and a moderately hot early summer, as reflected by the positive coefficients affecting the difference between TMAX in July and TMIN in May and by the negative coefficient affecting cumulated PREC in May and June.
CLIMATE CHANGE ASSESSMENT
As pointed out in Section 1, Portugal has suffered a pronounced decrease in precipitation in the spring, in particular in March, since the early 1950s (Trigo & DaCamara 2000 , Gallego et al. 2011 . For temperatures, the observed warming trends have been found to be asymmetric with respect to both seasonal and diurnal cycles. Results reveal a significant increase in extreme heat events for both spring and summer seasons, and a decrease in extreme cold events in winter (Ramos et al. 2011) . Observed changes in both temperature and precipitation suggest performing a sensitivity analysis of the effect of such changes on wine production in the Douro region before considering future climate scenarios.
For this purpose we relied on CRU TS 3.0 data for the same 4 grid points chosen to represent the Douro region. Fig. 7 presents thermo-pluviometric anomaly graphics of monthly averages of TMAX and TMIN, as well as of PREC, which were obtained after computing the departures of the period considered in our study from the previous normal period . The de crease of PREC in late winter and early spring is worth stressing due to the role of precipitation in the vineyard vegetative cycle, as pointed out in the previous section. The increase in TMAX and TMIN, respectively in late spring and summer, is also worth highlighting given their roles in the MSPD model. Finally, the higher increase in TMAX than TMIN during March is worth noting because of their combined effect on AMPT Mar (1 predictand of the ESPD model) as well as the increase in PREC in October because of its links with the increase in NDVI Oct (another predictand of the ESPD model).
An assessment of the impact of climate on wine production during the period 1956-1985 may be obtained Table 2 . The statistics presented there completely characterise the distributions since the null hypothesis that the 3 considered datasets come from normally distributed populations cannot be rejected at the 5% level. As expected, the modelled data for the period 1986-2006 have the same mean as the observed production values, and the very small decrease in the SD reflects the high value of the correlation coefficient (R = 0.95). When the MSPD model is applied to the 1956-1985 period, there is a decrease of 8% in the mean (lower production) and an increase of 21% in the variance (higher inter-annual variability) which may be associated with the decrease in the mean of (PREC Jan -PREC Feb ) from 24.2 mm in 1986-2006 to -5.8 mm in 1956-1985 , accompanied by an increase in SD from 57.7 to 98.8 mm.
According to Solomon et al. (2007) , the annual mean temperatures in Europe are likely to increase more than the global mean during the period 2071-2100, with the warming in northern Europe being largest in winter whilst that observed in the Mediterranean area is largest in summer. The same report also points out that, for the same period, annual precipitation is very likely to increase in most of northern Europe and decrease in most of the Mediterranean area. In addition, a reduced precipitation intensity and earlier onset and longer duration of drought are expected for the southern Iberian peninsula (Beniston et al. 2007) .
As shown in an accompanying paper by Ramos et al. (2011) , for the 2071-2100 period Portugal is projected to see an average increase in TMAX in summer ranging from 3.2°C in the B2 scenario to 4.7°C in the A2 scenario. An increase of about 3.4°C in TMAX in spring is also to be ex pected in both scenarios. For TMIN, the results are relatively similar, with an increase for summer (spring) ranging from 2.7°C (2.5°C) in the B2 scenario to 4.1°C (2.9°C) in the A2 scenario. For Portugal and for the same period, the accumulated PREC on moderately rainy days is expected to decrease, whereas heavier rain tends to be concentrated in the winter season (Santos et al. 2002) .
Climate change is expected to have a significant effect on grapevine and wine production (Bisson et al. 2002) , that might in turn produce either beneficial or detrimental conditions depending on the region (Jones et al. 2005 ), a feature that certainly highlights the relevance of regional assessments (Santos et al. 2010) . A qualitative assessment of the effect of future climate change on Douro wine production was undertaken here using information from simulations by the HadRM3 as available from the PRUDENCE project. relative to the previous normal period , (b) simulated values for Scenario A2 (2071-2100) relative to those simulated by the control run and (c) for Scenario B2 values (2071-2100) relative to those of the control run of PREC with respect to future scenarios A2 and B2, which were obtained after computing the respective departures from the control period. The decrease in PREC during April-September and the increase during December-March, the latter being especially apparent in the A2 scenario, is worth noting because of its effect on the vineyard vegetative cycle. For temperatures, both TMAX and TMIN increase throughout the year, although TMAX increases more during the spring and growing season than does TMIN. Given the relationships found in the MSPD model, these projected changes are expected to have a further effect on wine production in the Douro.
The effect of climate change on wine production was evaluated by feeding the MSPD model with simulated meteorological variables from 2071-2100 scenarios (A2 and B2) and by then comparing the obtained statistical distributions of wine production with those obtained by the same model when fed with variables from the control run . As shown in Table 3 , simulated values of the mean and SD for the control run are considerably larger than those for the observed period . This is attributable to systematic errors of the HadRM3 (as discussed in Section 2.5.), as well as to errors of the MSPD model when applied out of the fitting range of values. Since the normality of the 4 considered datasets cannot be rejected at the 5% level by Lilliefors' composite goodness-of-fit test, the impact of systematic errors may be mitigated by transforming the MSPD Control distribution, N (2.54, 0.85) into a normal distribution similar to the one obtained from MSPD 61-90 , i.e. N (1.45, 0.52) and by then applying the same transformation to the normal distributions MSPD B2 and MSPD A2 . The following transformation (3) (where subscript X stands for Control, A2 or B2 scenarios) was applied accordingly to the corresponding normal distributions. Corrected results are shown in brackets in Table 3 . The obtained increases in the mean of 6% and 24%, respectively, for the B2 and A2 scenarios, relative to the control run, are worth being emphasised, together with the increase in variability as given by the respective increases of the SD by 4% and 35%. The estimated increase in wine production that is obtained for both scenarios is attributable to the increase in the mean of (TMAX Jul -TMIN May ) from 22.4°C in the control run to 23.5 (24.9)°C in B2 (A2) and to the decrease in (PREC May + PREC Jun ) from 73.0 mm in the control run to 64.5 (60.7) mm in B2 (A2).
DISCUSSION AND CONCLUSION
An analysis was performed on the vegetative cycle of grapevines in the Douro Valley region in Portugal using NDVI together with a set of meteorological variables that included monthly means of TMAX, daily TMIN, daily TAVG, diurnal thermal AMPT and PREC.
We found that the NDVI cycle of the selected vineyard area pixels has a maximum at the end of spring and a minimum during winter. Composites of years of high (low) wine production present positive (negative) NDVI anomalies during the previous autumn and spring, together with negative (positive) anomalies during summer. This feature is an indication that a good year of wine production reflects high photosynthetic activity during the previous autumn and spring followed by reduced greenness and reduced growth during summer. The data set provided by the AVHRR sensor proved to be a valuable tool for vineyard growth monitoring and production modelling, namely for inter-annual comparisons at the regional scale.
The effect of meteorological factors on wine production in the Douro region was also assessed by means of composites of years corresponding to high (low) wine production. We found that high winter rainfall (in March) has a positive impact during the growing stage, whereas higher temperatures during late spring are beneficial for the flowering and véraison stages. The results obtained are in agreement with empirical findings about the roles (and timing) of the different meteorological factors during the stages of the vegetative cycle of grapevines.
Results from the composite analysis suggested developing seasonal statistical forecast models of Douro wine production based on growth (phenology) and meteorological information. Accordingly, 2 linear regression models were developed with the goal of predicting wine production at the early (March) and mid (July) stages of the vegetative cycle of vineyards. Table 3 . As in Table 2 , but with respect to the distributions obtained from the mid-season regression model (MSPD) when applied to meteorological data for the normal period of , and from simulated data with respect to the control run and to A2 and B2 scenarios (2071-2100) . Values in square brackets are the corrected ones (see Eq. 3) and percent values in parentheses represent relative departures of means and SD from the normal period of In the case of the early season model (ESPD) the choice of predictors was restricted until March and those retained were the NDVI in October, TAVG in January and AMPT in March. The model explained 62% of the total variance in the annual wine production and points to the importance of the dormancy stage of the vineyard, which can condition subsequent growth stages. In turn, the mid-season model (MSPD) was allowed to select predictors until July with the final model improving significantly from ESPD, explaining 90% of the total variance of wine production. This upgraded model retained as predictors the difference between TMAX in July and TMIN in May, the difference between monthly PREC in January and February, and the cumulated PREC in May and June. Whereas the ESPD model confirms the relevance of a mild, rainy winter and mild March contributing to vine health during the dormancy stage, the MSPD model uncovers the important role of TMIN during May, of PREC at the end of spring (May and June) and of TMAX in July, which is well known to Douro farmers.
From the user's point of view, the ESPD model has the advantage of providing reliable forecasts of production immediately at the end of the dormancy stage, information that would be particularly valuable to farmers, institutions and economists as aid in decision making, in the adoption of technical improvements and even in fraud detection, for instance for insurance companies (Cunha et al. 2010a ). On the other hand, the incorporation of NDVI as predictors may be viewed as an indirect support of remote sensing as a valuable assessment tool of the phenological state of the grapevines.
For the MSPD model, the fact that all predictors are meteorological parameters combined with the much higher values of explained variance makes it especially useful to assess the impact of climate variability and change on wine production in the Douro Valley. This quality is especially appealing since a better understanding of the potential effects of climate on natural systems is becoming increasingly important as growing levels of greenhouse gases imply temperature and precipitation changes, which are particularly important in the Mediterranean basin (Solomon et al. 2007 , Ramos et al. 2011 .
Compared to the production study period of 1986-2006, the MSPD model predicted a decrease of 8% in wine production together with an increase of 21% in the variance for 1956-1985, which was mainly due to changes in the winter precipitation regime. When the model was applied to the A2 and B2 future climate scenarios, as obtained from the PRUDENCE project, projected values of wine production in the Douro region for 2071-2100 indicated an increase in both the mean and SD, respectively, of 6% and 4% for the B2 scenario, and of 24% and 35% for the A2 scenario, relative to the control run . Our results support the fact that future climate change scenarios appear to favour an increase in wine production in the Douro region, in general agreement with the results available from the only other study performed for that wine region (Santos et al. 2010) . However, given the spatial differences in climate and production in different regions of the Douro Valley, one would not expect future production to change the same in all areas. For instance, further decreases in rainfall will make it extremely difficult to continue to produce at all in the most eastern area (Douro Superior), while the most western areas (Baixo Corgo and Cima Corgo) might respond more slowly to these changes.
Our results should be analysed with caution due to the limitations imposed by the models (dynamical and sta tistical) used here and by the simplifications that were made. Concerning the regional modelling, the characteristics of future climate depend highly on the regional model adopted and that the entire northwestern Iberian region is located in the area for which climate change predictions have larger uncertainty, as shown in the latest IPCC report (Fig. 11 .5 of Solomon et al. 2007 ). Furthermore, the HadRM3 model possesses a negative bias in precipitation and a positive bias in temperature (Ramos et al. 2011) . Additionally, the statistical forecast models developed also suffer from a few additional issues, in particular the fact that the MSPD model was applied beyond the range of the variable domain where it was fitted. This is a relevant issue taking into account the linear nature of the model used and given the fact that the response of vineyards to climate is nonlinear, like that of most crops. We also did not consider increases in CO 2 , another important aspect since a higher concentration of CO 2 along with interactions with increasing temperatures and decreasing rainfall could have an important impact on the results produced by the model. It is very likely that the response of the grapevine to increased CO 2 will be positive, but it may also be affected by lower rainfall and higher temperature. Finally, it is important to bear in mind that factors beyond those related to climatic variability (e.g. technological im provements, environmental issues, soil degradation) were not taken into account, nor were those that might impair vineyard cultivation (e.g. Morecroft & Keith 2009 ).
As pointed out by Bisson et al. (2002) , climate change is expected to have a significant effect on grape and wine production which might translate into either benefits or disadvantages depending on the region (Jones et al. 2005 ). According to Duchene & Schneider (2005) , one of the most significant effects of climate change in terms of viticulture in different regions of France is that the different phenological stages of grape growth and ripening are being modified, with the period between budburst and harvest becoming both earlier and shorter. The projected changes in ripening have serious consequences if the vineyard enters into the final phase of ripening under increasingly warmer conditions (Deloire et al. 2004 ), especially if the high temperatures are associated with drought, inhibiting certain physiological processes that are essential for the production of quality grapes. In this context, our results highlight the relevance of regional modelling of past and future wine production and confirm the crucial role played by climate in wine production in the Douro region, providing evidence that climate change scenarios are expected to favour an increase in wine production. 
